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Abstract: Dental bioceramics are more and more attractive to both dentists and patients due to their 
unique biocompatibility and esthetics; they can be fabricated efficiently using chair-side CAD/CAM 
dental systems. However, the failure rate of ceramic prostheses is noticeable high. The major clinical 
failure mode lies in surface and subsurface damage in the ceramic prostheses due to their inherent 
brittleness. In clinical practice, ceramic prostheses are intraorally adjusted and resurfaced using dental 
handpieces/burs for marginal and occlusal fit. The clinical adjustments using abrasive burs produce 
surface and subsurface damage in prostheses. This paper will address this issue via numerical 
simulation. Finite element analysis was utilised to model the dental resurfacing of a feldspar porcelain 
with coarse diamond burs and to predict the degrees of subsurface damage of the porcelain 
prostheses.  
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1 Introduction 
Dental bioceramics are increasingly attractive due to their superior biocompatibility, esthetics and 
inertness [1]. These mate rials are able to be machined quickly to generate ceramic prostheses using 
dental chair-side computer-aided design/computer-aided manufacture (CAD/CAM) systems [2]. 
However, ceramics are brittle and subject to premature failure, especially in long-term cyclic loading 
and moist environments [3]. The reported clinical failure rate, approximately 3% per year for all-
ceramic crowns, is unacceptably high relative to metal-core crowns [3,4]. Furthermore, analyses of 
clinically failed crowns have proven that catastrophic fracture had, in fact, always originated from 
surface and subsurface damage in ceramic prostheses [5]. 
In dentistry, ceramic prostheses are intraorally resurfaced and adjusted using dental high-speed 
handpieces and diamond burs for accurate marginal and occlusal fit. These dental machining 
processes induce surface and subsurface damage and contribute to clinical failure in ceramic 
prostheses [6]. Therefore, evaluation of dental resurfacing-dependent damage is particularly required 
in restorative dentistry. Studies were conducted on characterization of in vitro dental resurfacing of 
ceramic prostheses using dental handpieces and diamond burs [7,8]. Extensive chipping damage was 
found in ceramic prosthetic materials [7,8], especially in feldspar porcelains when using coarse 
diamond burs [7]. However, little attention was paid to the relations between subsurface damage in 
ceramic prostheses and dental operational parameters applied in intraoral dental resurfacing. 
Finite element analysis (FEA) was successfully applied for prediction of subsurface damage depths in 
ceramic and glass machining using diamond tools [912]. The machining-induced depths of 
subsurface damage in ceramics were associated with the machining parameters [912]. In spite of its 
considerable applications in engineering, FEA of dental resurfacing processes is little reported.   
In this paper, we report on FEA modelling of dental resurfacing of a feldspar porcelain with a coarse 
diamond bur for prediction of subsurface stress distributions and damage degrees. A two-dimensional 
FEA was conducted with dental operational parameters and material properties as input variables. 
The maximum principal stress fields and the depths of subsurface damage were estimated as 
functions of the dental operational parameters. 
 
 
  
2 In Vitro Dental Resurfacing 
In vitro computer-assisted dental 
resurfacing operations were conducted 
using a novel experimental apparatus [13]. 
During the in vitro resurfacing, the 
computer-assisted apparatus enabled a 
dental handpiece to realize precise feed 
and down feed movements. Figure 1 
schematically shows the dental handpiece-
bur-prosthesis movements during 
resurfacing of a ceramic prosthesis with 
clinical operational parameters.  
Samples with dimensions 15´12´5 mm3 
were Vita Mark II (Vita Zahnfabrik, Bad 
Säckingen, Germany), which is a feldspar 
porcelain. The mechanical properties of 
the material are: Vickers hardness H = 6.2 
GPa, Young's modulus E = 68 GPa, fracture toughness  KIC = 0.9 MPa.m1/2, strength s = 100 MPa, 
and Poisons ration  = 0.2 [14,15].  
A new nickel-coated, 106125 mm grit diamond bur of diameter of 1.4 mm (SF-21, ISO 110523014, 
Mani, Japan) was used. The bur was aligned parallel to the 12´5 mm2 surface of the prosthesis. 
During resurfacing, the dental bur, driven by applied pressure of 0.2 MPa at a free-running speed vs of 
318 krpm, was moved along the prosthetic surface at a depth of cut a and a feed rate vw as shown in 
Figure 1. Water was sprayed onto the bur-prosthesis contact zone at a flow rate of 30 ml/min for 
cooling and cleaning of the resurfacing zone. The in vitro dental resurfacing operations were 
conducted where the depths of cut were in the range 1050 mm, and feed rates of 1560 mm/min. The 
actual bur speed during resurfacing was measured using a force sensor and a high-speed data 
acquisition system [13].   
3 FEA Modelling  
In dental resurfacing, the dental bur was manipulated to traverse the prosthetic surface for removal of 
a layer of material. Meanwhile, stress fields in the prosthesis are generated due to the interactions 
between the prosthetic material and the diamond grits. When these stresses exceed a threshold value, 
e.g., the ultimate strength of the material, it is likely that the subsurface damage zone will be produced 
in the prosthesis.  
In this investigation, FEA was applied to model the dental resurfacing of a feldspar porcelain using 
commercial software, ANSYS 8.0 (ANSYS Incorporated, USA). The dental resurfacing process was 
treated as a static problem for simplification, since the focus of this study was subsurface stresses and 
the damage zone formed under bur-prosthesis contact loads. The porcelain material was assumed to 
be isotropic and homogeneous. The stresses and deformation produced were assumed to be within 
plane-strain conditions since the load and strain along the width of cut were nearly invariable during 
resurfacing. Thus, a two-dimensional plane-strain finite element model was established with dental 
operational parameters and material properties as input variables. 
For the FEA geometric model, the dimensions were selected according to Saint-Venants theory that 
stresses far from the point of load application must diminish [16]. The horizontal dimension was fixed 
at 0.8 mm, much larger than any depths of cut in the current study. The vertical dimension was 3 times 
the bur-prosthesis contact arc length, which is a function of depth of cut and diameter of bur. The 
loads with a set of displacement vectors were applied along the bur-prosthesis contact curve [11]. The 
magnitude of the imposed displacement vector equalled to the local chip thickness. As a single grit on 
the rotating bur moved along the contact curve, the local chip thickness increased gradually from zero 
at the grit entering point of the contact zone to the maximum undeformed chip thickness hmax at the grit 
exit point. The maximum undeformed chip thickness, i.e., the grit depth of cut, which can be 
expressed as [17]: 
hmax=(3/Ctanq)1/2(Vw/Vs)1/2(a/ds)1/4                                                                                                          (1) 
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Figure 1. Dental handpiece-bur-sample movements. 
  
Figure 2. (a) Maximum principal stress distribution, and (b) detailed plot of stress distribution at the 
bur-prosthesis contact zone at a depth of cut of 10 mm and feed rate of 15 mm/min. 
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Figure 3. (a) Maximum principal stress distribution, and (b) detailed plot of stress distribution at the 
bur-prosthesis contact zone at a depth of cut of 50 mm and feed rate of 60 mm/min. 
where C is the active cutting points per unit area, q is the semi -included angle for the undeformed chip 
cross-section, Vw is the feed rate, Vs is the bur speed, a is the depth of cut, and ds is the bur diameter. 
For the bur grit size used in this study, C is taken as 20 and q as 60° [17,18]. The directions of the 
displacement vectors were assumed to vary gradually from the grit entering point to the grit exit point. 
At the grit entering point, the direction of the displacement vector was vertical to the feed rate direction; 
at the grit exit point, the direction was parallel to the feed rate.  
Based on this FEA modelling, all stress components can be obtained. In particular, the maximum 
principal stress t was of major interest. To quantitatively evaluate the resurfacing-induced subsurface 
damage, the maximum normal stress criterion associated with the failure of brittle material was applied. 
According to this criterion, it is assumed that subsurface damage initiates when the maximum principal 
stress t exceeds the threshold value, i.e., the ultimate tensile strength  of 100 MPa of the porcelain 
material. Thus, the depths of the resurfacing-induced subsurface damage were predicted in the 
porcelain under different dental operational conditions. A two-way factorial analysis of variance 
(ANOVA) at a 5% significant level was applied to examine the effects of the feed rate and depth of cut 
on the FEA-predicted maximum principal stress  and subsurface damage depth. 
4 Results 
Figure 2(a) shows the maximum principal stress distribution under the bur-prosthesis contact zone at 
  
the depth of cut of 10 mm and the feed rate of 15 mm/min. It demonstrates that the maximum principal 
stresses were principally concentrated under the bur-prosthesis contact zone. The stress values 
decreased rapidly when increasing the distance to the contact surface. Figure 2(b) shows the detailed 
stress region near the contact zone. It reveals that the stress values significantly increased when 
approaching the diamond bur/grit exit point. The maximum principal stress reached the highest value 
of 875 MPa at the bur/grit exit point.  
Figure 3(a) shows the maximum principal stress distribution under the bur-prosthesis contact zone at 
the depth of cut of 50 mm and the feed rate of 60 mm/min. Similar to the distribution trend in Figure 
2(a), the maximum principal stresses were located under the bur-prosthesis contact zone and reduced 
quickly when increasing the distance to the contact surface. In comparison with the stress field   
shown in Figure 2, the maximum principal stresses at the deeper depth of cut and the higher feed rate 
were larger in magnitude and in distribution area. The detailed local stress field near the contact zone 
is shown in Figure 3(b). The maximum principal stress value of 1215 MPa occurred at the bur/grit exit 
point. For selected operational conditions in this investigation, it is also found that all the maximum 
principal stress values were concentrated at the bur/grit exits, in the range 601 MPa to 1755 MPa. 
 
The maximum principal stress t as a function of feed rate Vw for the depths of cut of 10 mm and 50 
mm is plotted in Figure 4.The results show that maximum principal stress increased with the feed rate 
at each of the depth of cut. The increase in feed rate from 15 mm/min to 60 mm/min resulted in the 
doubling of the increase in maximum principal stress for both the depths of cut. Also, at any feed rate, 
the maximum principal stress values for the depth of cut of 10 mm were larger than those for the depth 
of cut of 50 mm. This indicates that at the smaller depth of cut, the maximum principal stress values 
were larger.    
The FEA-predicted subsurface damage depth as a function of feed rate Vw for the depths of cut of 10 
mm and 50 mm is plotted in Figure 5. It shows that subsurface damage depths for both the depths of 
cut increased linearly with the feed rate, with a coefficient of determination R2 = 0.97. When increasing 
the feed rate from 15 mm/min to 60 mm/min, subsurface  damage depths for the depths of cut of 10 
mm and 50 mm increased by 74% and 82%, from 23 mm to 40 mm and from 44 mm to 80 mm, 
respectively. It is also found that subsurface damage depths for the depth of cut of 50 mm at any feed 
rate were approximately twice those for the depth of cut of 10 mm.    
5 Discussion 
We presented FEA modelling of dental resurfacing of a feldspar porcelain with a coarse diamond bur. 
In this model, stress distributions and subsurface damage degrees induced by dental resurfacing were 
the focus. For simplification, dynamic and thermal effects were not considered. The FEA results show 
that the trends for the maximum principal stress distributions under different operational conditions 
were similar. The maximum principal stresses were distributed near the bur-prosthesis contact zone 
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Figure 4. Maximum principal stress versus feed 
rate. 
Figure 5. FEA-predicted depth of subsurface 
damage versus feed rate. 
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with a rapid decrease with the distance to the resurfaced surface. The maximum principal stress 
values were found almost at the bur/grit exits in spite of the differences in magnitude. This finding is in 
agreement with the results of FEA modelling of diamond wheel plunge grinding of silicon nitride [11]. A 
previous study found experimentally extensive edge chipping damage occurring in resurfacing of the 
same porcelain using coarse burs [7]. This edge damage may be attributed to stress concentration at 
bur/grit exits.    
The relations between the maximum principal stresses and the dental operational parameters indicate 
that the maximum principal stresses were significantly dependent on both the feed rate and the depth 
of cut (ANOVA, p<0.01). As shown in Figure 4, the maximum principal stresses increased with feed 
rate. This is because that at a fixed depth of cut, an increase in feed rate does not result in a change 
in bur-prosthesis contact arc length but results in an increase in diamond grit depth of cut. An increase 
in diamond grit depth of cut could result in an increase in resurfacing force in the contact zone. Thus, 
the increasing force led to an increase to the maximum principal stress. Moreover, Figure 4 also 
shows that at any feed rate, smaller maximum principal stresses were obtained at the larger depth of 
cut. This is likely that this can be attributed to the fact that at a fixed feed rate, increasing the depth of 
cut resulted in both increases in diamond grit depth of cut and bur-prosthesis contact arc length. 
Subsurface damage depths also exhibited significant dependence on the dental operational 
parameters (ANOVA, p<0.01). As shown in Figure 5, subsurface damage degrees showed upward 
trends with increase to either feed rate or depth of cut. This is consistent with studies on machining-
induced damage in diamond grinding of engineering ceramics [19,20]. A previous study has reported 
that the average depths of subsurface damage induced in dental CAD/CAM machining of the same 
porcelain was 4060 mm [19]. Our FEA prediction of subsurface damage depths are in the range 20
80 mm. Such subsurface damage could not only reduce the accuracy of fit of prostheses, but also lead 
to reduction in mechanical strength and lifetime of dental prostheses [21,22]. Therefore, in clinical 
practice, dental operational parameters should be carefully selected by considering both material 
removal rate and subsurface damage.     
6 Conclusions  
FEA modelling was conduced to simulate dental resurfacing of a feldspar porcelain. The results reveal 
that the maximum principal stresses induced by bur-prosthesis interactions were almost all 
concentrated at bur/grit exits. The maximum values of these stresses increased with the feed rate and 
decreased with the depth of cut. Increasing either the feed rate or the depth of cut resulted in an 
increase in subsurface damage depth. The results suggest that both the feed rate and the depth of cut 
are important parameters in controlling the degrees of subsurface damage in clinical dental 
resurfacing operations (ANOVA, p<0.01). This FEA modelling provides insights into the prediction of 
the quality of ceramic prostheses and guidance as to the proper selection of resurfacing operational 
parameters in dental practice.  
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